Borax, an innocuous, inexpensive, and a naturally occurring material, very efficiently catalyzes the Knoevenagel condensation and Michael addition in domino fashion for the construction of highly functionalised pyridines, dienes, anilines and dihydropyrano[3,2-c]chromenes. The present protocol offers advantages in terms of higher yields, wide scope of substrates, operational simplicity, short reaction time, no requirement of workup or column chromatography, and easy access to a wide range of structurally diverse functionalized molecules of biological importance. Recycling of the catalyst and scaling up of the reactions are important attributes of this catalytic process.
Introduction
The construction of several bonds in a one-step operation has become one of the most important tools for organic synthesis. 1 It has gradually gained interest because of its remarkable advantages such as high bond forming efficiency, molecular diversity, a reduction of work-up, extraction, and purication processes, and hence minimizing waste generation making the process green. 2 Therefore, researchers are endeavouring towards the construction of C-C, C-N and C-S bonds in one pot process either using one type of reaction with several reaction sites or combining more than one reaction. One of the most utilized reactions in this fashion is Knoevenagel condensation whose products (i.e. a,b-unsaturated compounds) are useful intermediates for other reactions. For instance, Knoevenagel condensation has been successfully used in the synthesis of highly functionalised molecules in combination with Michael addition, Robinson annulations, Diels-Alder and ene reactions. 3 The synthesis of highly functionalized pyridines, dienes, anilines and dihydropyrano [3,2-c] chromene is important as these compounds are constructed through the Knoevenagel condensation and Michael addition reactions. The adduct 3,5dicyanopyridines are privileged heterocyclic scaffolds (Fig. 1) . Modication of the substituent at C2, C4, and C6 of the pyridine core produces libraries of compounds with diverse biological activities. 4 Assessment of the literature has revealed that the highly substituted pyridines and chromenes, such as those involving the 2-amino-4-aryl-6-sulfanyl substitution pattern and substituted pyrano[3,2-c]chromenes, have been particularly fruitful. These compounds nd applications as antibacterial, 5 anticancer, 6 antiprion, 7 and anti HBV infection 8 compounds. Moreover, these compounds have also been used as nonnucleoside agonist of the human adenosine A 1 9 receptor and as anti HIV-1 agents. 10 Consequently, researchers have made considerable effort towards their synthesis. Traditionally, highly functionalized pyridine derivatives are prepared by reuxing active methylene compounds (malononitrile) with an aldehyde and thiols using Et 3 N or DABCO as a catalyst. 11 Low yields (20-48%) and byproduct (enaminonitriles) formation are the main limitations of this method. In order to overcome these limitations, a few new methods have been developed using different catalysts such as nanocrystalline magnesium oxide, 12 silica nanoparticles, 13 KF/alumina, 14 basic ionic liquid [bmIm]OH, 15 ZnCl 2 , 16 piperidine/microwave, 17 DBU, 18 Zn(II) and Cd(II) metal-organic frameworks (MOFs). 19 Recently, KOH has also been employed for the synthesis of highly functionalized pyridine derivatives. 20 Each methodology has some advantages over the others; however, the search still continues for better catalysts which bring about the Knoevenagel condensation and Michael addition simultaneously. Notably, most of the methods recently developed have involved catalysts which are air/moisture sensitive, toxic, expensive, require special effort for their preparation and special work-up and separation techniques for their recovery and recycling. Considering all these and being intrigued by the fact that the pH of an aqueous solution of borax is 9.5 and the properties of borax to produce a hydroxyl anion (Brønsted base) and boric acid (Lewis acid) upon hydrolysis that are conducive for both the Knoevenagel and Michael addition reactions, 21a-d we thought it worthwhile to extend the use of borax as a potential catalyst 21 to carry out the above mentioned transformations. We decided to investigate the efficacy of borax as catalyst for the synthesis of 2-amino-4-(aryl)-6-(alkyl or aryl)-3,5-pyridinedicarbonitriles, highly substituted dienes and dihydropyrano[3,2-c]chromene derivatives. Herein we report our results of borax catalyzed one-pot condensation of aldehydes, alkyl nitriles (malononitrile) and thiols (aromatic and aliphatic) for the synthesis of pyridine derivatives, cyclic monoketones for the synthesis of 1,3 diene derivatives and nally 4-hydroxycoumarin, for the synthesis of dihydropyrano[3,2-c]chromene heterocycles.
Results and discussion
In search of better catalytic systems for this domino reaction, optimization of the reaction conditions was carried out taking benzaldehyde (1.0 mmol), malononitrile (2.1 mmol) and thiophenol (1.0 mmol) as model substrates. The results of the optimization are summarized in Table 1 . To initiate our study, the model reaction was performed at room temperature in the absence of catalyst; no desired product was formed both in ethanol and water. Then we studied the reaction under reux conditions with 1 mol% of catalyst; 40% of the product was obtained in 2 hours. We increased the amount of catalyst to 5 mol% and 64% of the product was observed under the reux conditions. We further increased the catalyst loading to 10 and 20 mol% to check the alacrity in both cases. A higher catalyst percentage did not have much effect towards decreasing the reaction time and increasing product formation. The best result was obtained with 10 mol% of catalyst in EtOH under reux conditions ( Table 2) .
The reaction strategy worked well. Structurally diverse aromatic aldehydes bearing substituents such as Me, NO 2 , OMe, Cl and Br were examined with malononitrile and thiols (aliphatic and aromatic) under the optimized reaction conditions and the results presented in Table 2 (entries 1- 19) . The reactions with benzyl thiol went on well affording the products in high yields ( Table 2, entries 6-11) . Aromatic aldehydes bearing electron-withdrawing groups afforded the corresponding product with slightly longer reaction times ( Table 2 , entries 5 and 10). Under similar experimental conditions, aliphatic and aromatic dithiols underwent the reaction giving good yields ( Table 2, entries 18 and 19) . These reactions were nearly as facile as observed with the monothiols. Incidentally, reactions involving dithiols appear to be quite scarce. 11b Such reactions may be highly useful in the designed synthesis of supramolecular architectures, organosulfur polymers and macromolecules. Moreover, the reactions of 2,6-dichlorobenzaldehyde afforded dihydropyridine ( Table 2, entry 15) . This may be due to the steric effect of two -Cl substituents in the ortho position, which prevents aromatization. We have also tried reactions with ethyl 2-cyanoacetate and 2-cyanoacetamide; only the Knoevenagel condensation product was observed with the corresponding aldehyde.
Interestingly, when we performed the reaction of 2-aminothiophenol with malononitrile and 4-cholorobenzaldehyde, we isolated only 2-amino-6-(2-aminophenylthio)-4-(4-chlorophenyl) pyridine-3,5-dicarbonitrile as the product in good yield (Table 2, entry 16). For the same set of reactions, 2-amino-4-(4chlorophenyl)-6-(2-mercaptophenylamino) pyridine-3,5 dicarbonitrile was also reported, 20 which clearly indicates the selectivity of this protocol only with thiols over amines.
In order to extend the scope of this methodology, we carried out reactions of an aldehyde, malononitrile and enolizable ketones. It is anticipated and is evident from the literature that the combination of the above reactants in a ratio of 1 : 2 : 1 usually provides 2,6-dicyanoaniline derivatives. However, we could isolate diene intermediates in the case of cyclohexanone and cyclododecanone. Recently, Mukhopadhyay et al. have shown that the formation of 2,6-dicyanoaniline (i.e. aromatization) from the intermediate diene is temperature dependent. 22 The synthesis of cyclohexa-1,3-diene is relatively rare 22 and such wide range of functionalized dienes may nd use as intermediates for the construction of larger molecules or as a relatively non-toxic precursor of HCN. Interestingly, our preliminary investigation on the above reaction produces the diene as the sole product in one hour under reux conditions. No change in the product was observed on prolonging the reaction time (6 h) . This may be due to the mild basicity of the catalyst. The reactions of other substituted aromatic aldehydes (such as Cl, Me, Br, and OMe) with cyclohexanone and malononitrile afforded the desired products in good yields (Table 3 , entries 1-4). It is interesting to note that the reaction of cycloheptanone under similar reaction conditions with some selected aldehydes and malononitrile yielded aniline (and not the diene) as the sole product (Table 3 , entries 5 and 6) whereas cyclododecanone produces the diene product only (Table 3, 
. When we tried the reaction with an acyclic ketone (butan-2-one) it failed to produce the desired product and the product of the Knoevenagel condensation was isolated. Similarly, when we changed malononitrile with ethyl 2-cyanoacetate or 2-cyanoacetamide, keeping the other reactants the same, the protocol did not work. In continuation of our sustained interest in exploring the catalytic activity of borax for diverse reactions, we turned our attention towards the synthesis of dihydropyrano[3,2-c]chromene derivatives. In order to test the efficacy, we carried out reactions of equimolar amounts of 4-hydroxycoumarin, dimethylacetylenedicarboxylate (DMAD) and malononitrile in presence of 10 mol% of borax in water. Interestingly, we get 87% yield of our expected product in 1.5 h. To generalize the scope of the reaction, a series of compound (3a-f) were synthesized varying the three reactants. It was observed that the desired product was obtained in each case with 83-87% yield ( Table 4 , entries 1-6). It is important to note that in all the reactions the products precipitate out as a solid, making the separation of catalyst and purication of product very simple.
Recyclability of the catalyst was examined through a series of reactions with 4-chlorobenzaldehyde, malononitrile and thiophenol by using the ethanolic phase containing borax, obtained aer ltration of the reaction mixture. The catalyst could be reused for at least ve reaction cycles with consistent activity (Table 2, entry 2). Importantly, the reaction can be performed on a relatively large scale (10 mmol) to give good yields ( Table 2, entry 2), which shows its potential for scale-up applications.
In conclusion, we have developed a facile, convenient and efficient one-pot domino reaction for the synthesis of highly substituted pyridines, dienes and chromenes of potential synthetic and pharmacological interest. This protocol offers multifarious advantages such as lower cost, a ready available and relatively non-toxic catalyst, wide scope of substrates, operational simplicity, high yields of the products and the avoidance of column chromatography. Moreover, borax, being a naturally occurring material, soluble and capable of functioning efficiently in ethanol/water, satises some the tenets of "green chemistry." The reactions are thus more conducive to the environment and provide scope for further study.
Synthesis of 2-amino-4-(aryl)-6-(alkyl or aryl)-3,5pyridinedicarbonitriles
To a solution of aldehyde (1.0 mmol), malononitrile (2.1 mmol) and borax (0.1 mmol) in 3 mL of ethanol was added thiols (1.0 mmol) at room temperature in a round bottom ask equipped with a condenser. The reaction mixture was stirred under reux conditions for the required time (Table 2) and then allowed to cool to room temperature. The progress of the reaction was monitored by TLC, and aer completion of the reaction, the reaction mixture was gradually cooled to room temperature. The solid product was ltered off, washed with ethanol and dried to obtain the corresponding product.
2-Amino-6-(benzylthio)-4-(4-bromophenyl)pyridine-3,5dicarbonitrile (1h). Yield 83%. Solid, m.p. 202-204 C. IR n max (KBr): 3438, 3328, 3220, 2211, 1630, 1542, 1520, 1321, 1263 , 1040 cm À1 . 1 H NMR (400 MHz, 2H), 1H), 2H), 2H), 2H), 2H), 7.90 (br s, 2H) ppm. 13 C NMR (125 MHz, DMSO-d 6 + CDCl 3 ): 33. 4, 85.6, 93.1, 114.8, 114.9, 124.1, 127.1, 128.2, 129.1, 130.2, 131.6, 132.8, 137.0, 156.7, 159.5, 166.6. Anal. calcd for C 20 H 13 BrN 4 S: C, 57.02; H, 3.11; N, 13.30; obtained C, 56.95; H, 3.09; N, 13.34%. 2-Amino-6-(benzylthio)-4-(4-nitrophenyl)pyridine-3,5-dicarbonitrile (1j). Yield 81%. Solid, m.p. 210-212 C. IR n max (KBr): 3435, 3329, 3219, 2215, 1630, 1548, 1349, 1263, 1105 , 1041 cm À1 . 1 H NMR (500 MHz, CDCl 3 + DMSO-d 6 ): d ¼ 4.45 (s, 2H), 6.12 (br s, 2H), 7.25-7.34 (m, 5H), 7.37 (d, J ¼ 7.2, 2H), 7.65 (d, J ¼ 7.8, 2H) ppm. 13 
Synthesis of dienes and aniline derivatives
To a solution of aldehyde (1.0 mmol), malononitrile (2.1 mmol) and borax (0.1 mmol) in 3 mL of ethanol was added the cyclic ketone (1.0 mmol) at room temperature in a round bottom ask equipped with a condenser. The reaction mixture was stirred under reux conditions for the required time (Table 3) and then allowed to cool to room temperature. The progress of the reaction was monitored by TLC, and aer completion of the reaction, the reaction mixture was gradually cooled to room temperature. The solid product was ltered off, washed with ethanol and dried to obtain the corresponding product.
2-Amino-4-(4-chlorophenyl)-4a,5,6,7-tetrahydronaphthalene-1,3,3(4H)-tricarbonitrile (2a). Yield 89%. Solid, m.p. 232-234 C. IR n max (KBr): 3421, 3344, 3252, 3227, 2944, 2908, 2864, 2832, 2212, 1646, 1603, 1567, 1494, 1447, 1413, 1392, 1278, 1093 2-Amino-4-(4-bromophenyl)- 6,7,8,9-tetrahydro-5H-benzo[7] annulene-1,3-dicarbonitrile (2f). Yield 82%. Solid, m.p. 250-252 C. IR n max (KBr): 3467, 3341, 3320, 2935, 2857, 2200, 1646, 1603, 1569, 1491, 1405, 1223, 1076, 1006 (E)-2-Amino-4-(4-chlorophenyl)-4a,5, 6,7,8,9,10,11octahydrobenzo[10] 13 C NMR (100 MHz, DMSO-d 6 + CDCl 3 ): 28.5, 28. 6, 28.7, 28.8, 28.9 (2C), 32.4, 32.9, 42.0, 76.9, 99.5, 112.7, 113.0, 127.2, 128.2, 128.3, 131.2, 131.7, 136.2, 157.6, 163.4 
Synthesis of dihydropyrano[3,2-c]chromene derivatives
To a solution of 4-hydroxy derivative (1.0 mmol), malononitrile (1.1 mmol) and borax (0.1 mmol) in 3 mL of water was added dimethyl/diethyl acetylenedicarboxylate (1.0 mmol) at room temperature in a round bottom ask equipped with a condenser. The reaction mixture was stirred under reux conditions for the required time (Table 4 ) and then allowed to cool to room temperature. The progress of the reaction was monitored by TLC, and aer completion of the reaction, the reaction mixture was gradually cooled to room temperature. The solid product was ltered off, washed with ethanol and dried to obtain the corresponding product. 
